High hydrostatic pressure (HHP) was applied to grated ginger in order to inactivate quality-degrading enzymes in a non-thermal manner. The effects of HHP treatment on the flavor and the color of the grated ginger were investigated just after treatment and during storage. After HHP treatment (400 MPa, 5 min), geraniol dehydrogenase (GeDH) was inactivated to less than 5%, but the activity of polyphenol oxidase (PPO) was reduced only to 37%. Heat treatment (100 C, 10 min) inactivated GeDH to 43% and PPO to about 10%. In storage, the reduction of geranial, neral, and citronellal to the corresponding alcohols was observed in the untreated and the heat-treated ginger, while it was not in the HHP-treated grated ginger. In the HHP-treated sample, terpene aldehydes almost disappeared without the formation of the corresponding alcohols. Browning was not observed immediately after HHP treatment, while it was complete in the heat-treated sample. The color change during storage appeared to reflect the residual activity of PPO.
To extend the shelf life of food products, one or a combination of unit processes such as freezing, drying, pasteurization, and sterilization is often used. Traditional treatments for food preservation, however, have adverse effects on quality. Food scientists are therefore searching for novel methods to destroy undesired microorganisms with fewer adverse effects on product quality. One solution may be HHP treatment. This method is successfully applied on a commercial scale in the pasteurization of a range of food products, such as fruit juices, oysters, and ham. 1) At ambient temperature, the application of hydrostatic pressures in the range of 400-600 MPa can inactivate vegetative microorganisms and reduce the activity of enzymes, while retaining small molecules responsible for flavor, and color. 2) Zingiber officinale Roscoe, commonly known as ginger, is widely used as a spice, flavoring agent, and herbal medicine, and is also employed in the perfume industry. In Japan, grated ginger products are commercially available for consumers' convenience. Ginger has unique flavor properties due to a combination of pungent and volatile flavorful stimuli. The pungency is due to non-volatile phenolic compounds, and the essential oil of ginger gives it its characteristic flavor. Organoleptically and quantitatively one of the main volatile flavor compounds in the essential oil is geranial. 3) It has been reported that the conversion of geraniol to geranial is catalyzed by NADP þ -dependent geraniol dehydrogenase (GeDH, E.C.1.1.1.183). [4] [5] [6] Thus, GeDH plays an important role in the formation of ginger flavor.
Natural phenolic compounds in fruits and vegetables in the presence of polyphenol oxidase (PPO) are oxidized to o-quinone, which subsequently polymerizes to brown pigments non-enzymatically. 7, 8) This browning process also leads to a reduction in nutritional quality. 7, 9, 10) While few papers are available on the browning enzymes of ginger, it is apparent that the browning of grated ginger causes quality deterioration.
It is necessary to reduce the activities of enzymes in grated ginger products in order to stabilize its flavor and color. The objective of the study was to evaluate the effects of HHP treatment on flavor and color during processing and storage.
Materials and Methods
Sample preparation. Domestically-produced fresh rhizomes of ginger were purchased from a local market in Fukuoka, Japan. They were washed with tap water to remove soil, peeled, and grated using a ginger grater.
HHP treatment. The grated ginger was packed in 20 ml PTFEbottles (PTFE; polytetrafluoroethylene, Flon, Tokyo) to prevent sorption of volatile compounds into the bottle. The bottle containing the grated samples was pressurized using a prototype pressurization apparatus (Kobe Steel, Kobe, Japan) to 400 MPa at ambient temperature for 5 min. For comparison, untreated and heat-treated samples were prepared. Heat treatment was achieved in a thermostatic bath at 100 C for 10 min. After heat treatment, the sample tubes were cooled in a water-ice bath. The samples were stored at 12 or 20 C in the dark.
Analysis of volatile compounds. Distilled water (50 ml) was added to 5 g of grated ginger sample, and the aqueous sample, saturated with NaCl, was mixed with 30 ml of diethylether to extract the volatile y To whom correspondence should be addressed. Fax: +81-92-642-3015; E-mail: mshimoda@agr.kyushu-u.ac.jp compounds from the sample. The ether solution was separated and dried over anhydrous sodium sulfate. The ether concentrate was applied to a gas chromatograph (GC) and a gas chromatograph combined directly with a mass spectrometer (GC-MS).
GC analysis was carried out on a Shimadzu GC-14A gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a flame ionization detector (FID) and a fused silica capillary column, DB-WAX (60 m Â 0:25 mm i.d., 0.25 mm film thickness; J&W Scientific, Folsom, CA). Helium gas was used as the carrier at a linear flow rate of 33 cm/s. The injector temperature was 230 C. The column temperature was programmed from 50 to 230 C at 4 C/min, and the final temperature was held for 20 min. Each compound was identified by comparing its retention index (Kovats Index) 11) and mass spectrum with those of authentic compounds.
Identification of volatile compounds was done on a JEOL Automass 50 spectrometer (JEOL, Tokyo) interfaced to a Hewlett-Packard 5890 Series II gas chromatograph (Hewlett-Packard, Palo Alto, CA). The column used was the same as that for GC analysis. The analytical conditions were as follows: the column temperature was programmed from 50 to 230 C at 4 C/min and the final temperature was held for 20 min; the injector temperature was 230 C; the linear flow rate of helium carrier gas was 35 cm/s; the ion source temperature was 150 C; and the ionization voltage was 70 eV. GC-Olfactometry (GC-O) was done on a Shimadzu GC-14A gas chromatograph equipped with sniffing system OP 275 (GL Sciences, Tokyo). The operating conditions for GC-O were the same as those for GC analysis.
Color analysis. Colors of the ginger samples were measured with a tristimulus colorimeter (Chroma Meter, Type CR-100, Minolta, Tokyo), using the CIELAB uniform color scale, described by L Ã , a Ã , and b Ã parameters. 12) The total color change (ÁE Ã ab ) was calculated by the following equation:
Enzymatic activity. Geraniol dehydrogenase (GeDH). A crude enzyme solution was prepared from freshly grated ginger. The grated ginger (1 g) was homogenized twice for 30 s in 25 ml of Tris-HCl buffer (pH 7.2, 4 C) containing 15%w/v glycerol, 2 mM dithioerythritol, and 10 mM mercaptoethanol.
5) The homogenate was centrifuged at 20;000 Â g (20 min Â 2) at 4 C, and the resulting supernatant was used in the assay for GeDH activity.
Measurement of alcohol dehydrogenase activity was done by a modification of the methods of Sangwan et al. 4) and Sekiwa et al.
5)
Geraniol (purity 98%, Sigma-Aldrich, St. Louis, MO) was used as substrate after it was dissolved in DMSO. Geraniol (2 mM) and NADP (0.65 mM) were dissolved in 3.5 ml of 0.1 M glycine-NaOH aqueous buffer solution (pH 9). The reaction was started by adding 0.5 ml of the crude enzyme solution to the substrate mixture. A blank experiment was carried out by adding DMSO instead of the substrate mixture. The change in the absorbance at 340 nm at 20 C in a temperature controlled cell holder, TCC240A (Shimadzu), indicating reduction of NADP, was monitored for 10 min using a spectrophotometer, UV-1600 (Shimadzu), and was calculated the slope from the linear portion of the curve. The residual activity of the heat-or HHP-treated sample was calculated based on the slope from the control experiment using the untreated sample.
Polyphenol oxidase (PPO). To prepare a homogenate, 4 g of freshly grated ginger was placed in a glass homogenizer with 50 mM sodium phosphate aqueous buffer solution (12 ml, pH 6.5). After homogenization for 10 min, the homogenate was filtered and centrifuged (10;000 Â g) at 5
C for 20 min. The supernatant was used as a polyphenol oxidase (PPO) extract. PPO activity was assayed spectrophotometrically. The reaction mixture contained 1 ml of the PPO extract and 0.4 ml of a substrate solution of 0.1 mM caffeic acid in ethanol. The change in the absorbance at 480 nm at 25 C was monitored for 5 min. PPO activity was calculated on the basis of the slope of the linear portion of the curve of absorbance at 480 nm versus time. One unit of the enzyme activity was defined as an increment of 0.1 in absorbance per min.
Results and Discussion
Analysis of volatile compounds Volatile concentrates were obtained from untreated, HHP-treated, and heat-treated samples of grated ginger by extraction with diethyl ether. The volatile compounds in the ginger samples are listed in Table 1 . Thirty-two volatile compounds, including 26 mono-terpenes and four sesquiterpenes, were identified by comparison of mass spectra and Kovats index. The changes in the concentrations of the volatile compounds before and after HHP and heat treatment are also listed in the Table 1 .
The sensory attributes of the volatile compounds were evaluated by sniffing the effluent from the GC capillary column (GC-Olfactometry).
13) The freshly grated ginger sample had a strong lemon-like, floral, green aroma. Connell and Jordan (1971) reported that freshly harvested Queensland-grown ginger rhizomes possessed a ''citrus-like'' aroma, and the compounds contributing to the citrus-like aroma were identified as geranial and neral. 14) As shown in Table 1 , geranial and neral had a strong citrus-like, especially lemon-like, aroma in fresh ginger. Linalool, nerol, and geraniol have a floral aroma. Nishimura (1995) reported that these terpene alcohols are important volatile flavor compounds in fresh ginger. 15) Hexanal has a green aroma and citronellal has a fresh citrus-like aroma in Japanese kabosu, 16) and they contributed to the freshness of the ginger flavor.
The flavor profile of the grated ginger was slightly changed by heat treatment. In particular, zingerone increased during heat treatment. This might have contributed to the cinnamonic aroma in the heat-treated sample (Table 1) . It has been reported that zingerone is produced by degradation of gingerols during processing, e.g., by extraction and heating. 17) In the present GC analysis, gingerols could not be determined since they were not effused from the GC capillary column. Thus it could not be estimated how much of the gingerols degraded to zingerone during heat treatment. On the other hand, in the HHP-treated sample, zingerone was found only in a trace amount, perhaps because the degradation of the gingerols did not progress during HHP treatment in a non-thermal manner.
Compositional changes in volatile compounds during storage
Although a citrus-like aroma is one of the most important attributes of fresh ginger, this attribute is apt to decrease during storage. Since this aroma is attributed to a high content of the isomers neral and geranial, it is important to preserve the content of the isomers. These terpene aldehydes are generated from terpene alcohols such as nerol and geraniol by the action of alcohol dehydrogenase. Due to the specificity of geraniol dehydrogenase (GeDH) for geraniol, GeDH activity was estimated using geraniol as substrate. Figure 1 indicates the residual activity of GeDH in the grated ginger after heat and after HHP treatment. Activity decreased to 43% of original activity due to heat-treatment at 100 C for 10 min. On the other hand, it decreased to less than 5% due to HHP-treatment at 400 MPa for 5 min.
The changes in the amounts of geranial and geraniol during storage are shown in Fig. 2 . In the untreated and the HHP-treated sample, striking decreases in geranial were observed. Contrary to expectations as to the results for residual GeDH activity, the decrease in geranial during storage was not affected by the residual activity of GeDH. On the other hand, significant increases in geraniol were observed only in the untreated samples, and no increase was observed in the HHP-treated samples. The heat-treated samples showed behavior intermediate between these. The increases in geraniol appeared to reflect the residual activity of GeDH. The reaction of GeDH catalyzed is reversible, i.e., oxidation of geraniol to geranial and the reduction of geranial to geraniol. The direction of the reaction depends on the pH value, the concentration of the substrate, and the ratio of NADP þ to NADPH. [4] [5] [6] It was concluded that the reduction of geranial was dominant under present conditions. Furthermore, the same pattern in the transformation from citronellal to citronellol as in the geranial transformation was confirmed. The decrease in neral was almost the same as geranial, but nerol showed a large increase after 1 week of storage, and disappeared after an additional 1 week-storage. The amounts of decrease in geranial and neral were not consistent with the amounts of increase in geraniol and nerol respectively. This can be attributed partially to isomerization between geranial and neral, and between geraniol and nerol. It is also possible that these terpene aldehydes or alcohols transformed to low volatile compounds such as carboxylic acid and diols. It is reasonable to assume the transformation, since geranial and citronellal almost disappeared without any increment in corresponding alcohols in the HHP-treated sample. The change in absorbance at 340 nm, indicating the reduction of NADP, was traced for 10 min and the slope from the linear portion of the curve was calculated. The residual activities for heat and HHP treatment were calculated based on the slope of the line in the untreated sample (control).
PPO inactivation
Enzymatic browning is an undesirable reaction leading to quality losses and lowered commercial value in agricultural produces. 8, 18, 19) Polyphenol oxidase (PPO), a metallo-enzyme containing copper as a prosthetic group, is a key enzyme of browning. 20, 21) These enzymes are ubiquitous in plants, and they are present in particularly high amounts in apples, pears, litchis, mangoes, potatoes, and mushrooms. 22, 23) The browning problem due to PPO also appears in grated ginger products, but it appears that there is no report regarding enzymatic browning of ginger products. The methods widely used in controlling enzymatic browning in other agricultural produce and their advantages and disadvantages can be summarized as follows: (i) heat treatment (70-90 C), effective and easy, but adversely affects sensory qualities; 10, 24) (ii) reduction of pH ( 4), convenient, but adversely affects taste; 25) (iii) the use of antibrowning agents, convenient and effective, but adversely affects sensory qualities; 26) (iv) exclusion of oxygen (controlled/modified atmosphere, [27] [28] [29] [30] oxygenimpermeable film 28) ), safe but temporary and decreases the production of volatile compounds; [27] [28] [29] [30] [31] (v) use of natural additives (honey, onion extract, etc.), safe but relatively ineffective. 32, 33) In this study, we investigated the effects of HHP treatment (400 MPa, 5 min) on the PPO activity in grated ginger, and compared it with the activity in untreated and heat-treated samples (Fig. 3) . The PPO activity in the heat-treated sample decreased to about 10%, while in the HHP-treated sample, activity decreased to 37%.
Effects of HHP on PPO activity have been reported for many agricultural products.
34-36) Asaka et al. (1997) reported that the activity of PPO from pear (Pyrus communis), Japanese pear (Pyrus pyriolia), loquat, and cherry was increased by pressurization, while the activity of PPO from peach, apricot (Prunus armeniaca), and Japanese apricot (Prunus mume) was decreased by pressurization.
37) Thus, PPO activity showed different sensitivities to HHP treatment. Our results indicate that the activity of PPO in ginger was decreased by HHP treatment.
GeDH and PPO showed different sensitivities to HHP and heat treatment in the same agricultural products (Figs. 1 and 3) . The sensitivity of GeDH to heat treatment was higher than that to HHP treatment, while the sensitivity of PPO to HHP treatment was higher than The heating temperature was 100 C for 10 min under heat treatment. The HHP treatment condition was 400 MPa at ambient temperature for 5 min. The change in absorbance at 480 nm at 25 C was monitored for 5 min. PPO activity was calculated on the basis of the slope from the linear portion of the curve of absorbance at 480 nm vs. time. One unit of enzyme activity was defined as an increment of 0.1 in absorbance per min. The enzymatic activity of the untreated sample was defined as control.
that to heat treatment in ginger under the present conditions. Hendrickx et al. (1998) reviewed the effects of HHP treatment on several enzymes related to food quality, and concluded that the resistance of the enzymes to HHP treatment is not related to heat sensitivity. 38) Furthermore, they concluded that the pressure inactivation of an enzyme is influenced by pH and the addition of salts, sugars, and other compounds. Thus the sensitivity of the GeDH and PPO in ginger to HHP treatment might be changed by varying the treatment conditions.
Browning development
The changes in color of the grated ginger during storage are shown in Fig. 4 . Immediately after heat treatment, the ÁE Ã ab values increased significantly, while the HHP-treated sample gave a low ÁE Ã ab value, one comparable to that of the untreated control.
During storage the color of the untreated sample turned brownish (data not shown), and thus the ÁE Ã ab value markedly increased. The ÁE Ã ab value of the HHPtreated sample also increased during storage, but the increment was suppressed by about 60% as compared to the untreated sample. This reflects residual PPO activity. As mentioned above, the residual PPO activity of the HHP-treated sample was 37%, and thus browning due to polyphenols was suppressed during storage. On the other hand, since the ÁE Ã ab value increased immediately after heat treatment, it remained almost constant throughout storage. Taking into account that the residual PPO activity of the heat-treated sample was only about 10%, the brownish color might have developed during heat treatment not only by enzymatic reaction but by also a non-enzymatic one.
Conclusions
In this study, the effects of HHP treatment on the sensory quality of grated ginger and the inactivation behavior of the quality-related enzymes in the ginger were investigated. HHP treatment (400 MPa, 5 min) induced little change in the flavor of grated ginger immediately after treatment. During storage, it also suppressed the production of geraniol, nerol, and citronellol, suggesting that the relevant alcohol dehydrogenases were inactivated.
Immediately after treatment, HHP treatment had no significant effect on the color development of the grated ginger, while heat treatment induced drastic color changes. However, browning in the HHP-treated ginger developed during storage. The color change (ÁE Ã ab value) was about 60% as compared with the untreated ginger. This may have been caused by the residual PPO activity (about 37%) in the HHP-treated ginger.
HHP treatment contributed to maintaining the quality of the ginger products to a certain extent. Residual GeDH activity was low enough after HHP treatment to inhibit the reductive action from geranial to geraniol, but the content of geranial decreased during storage because the terpene aldehyde can transform to less volatile compounds. Browning of ginger also developed during storage due to residual PPO. Further improvement in the quality, as in the flavor and color, of HHP-treated ginger requires optimization of HHP treatment conditions to decrease geranial transformation and completely inactivate PPO. C.
